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The retina represents an ideal model system for studying developmental processes during morphogen-
esis. The knowledge of the precise regulation and combination of genetic pre-dispositions and
environmental circumstances enables the understanding of pathologies and the subsequent develop-
ment or/and improvement of therapeutic strategies. This study focused on the functional analysis of the
extracellular matrix (ECM) molecule Tenascin C (Tnc) in the retinal stem/progenitor cell environment.
In this perspective, a Tnc/ mouse was examined for potential alterations in proliferation and
differentiation programs by using immunohistochemistry, RT-PCR analysis and bioassays. It could be
shown that both cycling G2-phase cells and early post-mitotic neurons were signiﬁcantly increased in
the retina due to Tnc-deﬁciency. Further investigations suggested that Tnc regulates these processes via
the Wnt-signaling cascade. Therapeutic approaches in the treatment of degenerative diseases often
integrate cell-replacement strategies. Retinal Mu¨ller glia cells represent the glia of the retina and are
described to possess the ability to re-enter the cell cycle and generate neurons in response to injury. In
this study, the de-differentiation was induced by FGF2. It was found out that Tnc inﬂuences the de-
differentiation behavior of adherent Mu¨ller glia in vitro. Moreover, it was interesting to investigate the
effect of the absence of Tnc on the composition of other components of the ECM. A special focus lay on
the expression of a speciﬁcally sulfated carbohydrate motif on chondroitin sulfate glycosaminoglycan
chains, which can be detected with the mAb 473HD. It was possible to note a signiﬁcant increase of this
particular chondroitin sulfate in the Tnc-deﬁcient ECM.
& 2012 Elsevier Inc. All rights reserved.Introduction
Retinogenesis includes a variety of cell biological processes to
achieve a precise and functional lamination created by cell
diversiﬁcation, which is based on a multipotent retinal neuro-
epithelial cell pool. It is indispensable to assure the regulation of
the development by orchestration of cell-intrinsic determinants
with soluble and trans-membranous factors of the extracellular
matrix (ECM). An essential intrinsic transcription regulator repre-
sents Pax6, a paired domain and homeodomain containing trans-
cription factor, which is one of the earliest genes expressed during
the development of the eye. Various studies have considered thisll rights reserved.
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ner).factor to be the major regulator of retinal and eye development
(Gehring and Ikeo, 1999). Recently, it was determined that Pax6
regulates the expression of the alternatively spliced isoforms of
the ECM glycoprotein Tenascin C (Tnc) (von Holst et al., 2007).
This multimodular hexameric glycoprotein is expressed in a
restricted pattern during development of the central nervous
system (CNS) as well as in non-neural tissues in vertebrates.
Investigations of a Tnc/ mouse strain (Forsberg et al., 1996;
Saga et al., 1992) revealed subtle alterations in non-neural and
neural tissues, resulting in several neurological defects, inhibition
of regeneration/plasticity and de-regulated morphogenesis (Evers
et al., 2002; Faissner, 1997; Fukamauchi et al., 1996; Fukamauchi
et al., 1997; Garcion et al., 2004; Irintchev et al., 2005; Jones and
Jones, 2000a). Immunohistochemical analysis revealed that Tnc is
expressed in the retina in a spatiotemporal pattern (Klausmeyer
et al., 2007; Lara et al., 2010). Investigations concerning the
inﬂuence of Tnc during retinogenesis remained an outstanding
question. This study addressed the question whether Tnc exerts
M. Besser et al. / Developmental Biology 369 (2012) 163–176164an inﬂuence on proliferation and/or neurogenesis during embryo-
nic retinogenesis.
Mu¨ller glia cells represent the glia of the retina. Recent
publications described this glia cell to be a dormant progenitor
which has the ability to de-differentiate and generate new
neurons as response to certain stimuli (Bhatia et al., 2010). The
relevance of Tnc for the de-differentiation process was examined
in this study on cultured adherent Mu¨ller glia cells in vitro.
Last but not least, it has been shown that Tnc displays a distinct
overlapping expression with the interaction partners and chondroi-
tin sulfate proteoglycans (CSPGs) Phosphacan/RPTPb/z (Adamsky
et al., 2001; Barnea et al., 1994; Faissner et al., 2006; Garwood et al.,
2001; Garwood et al., 1999; Milev et al., 1997). Based on these
results, the question was raised whether the lack of Tnc leads to
modiﬁcations in the expression of this ECM component.
Here we show that Tnc contributes to the development of
neurons by regulating the size of the stem/progenitor cell pool,
possibly in relation with the Wnt signaling pathway. The inﬂuence
on neurogenesis was further evidenced by analysis of the de-
differentiation of Tnc-deﬁcient Mu¨ller glia in response to FGF2.
Further impact of Tnc knockout on the constitution of the ECM,
speciﬁcally the enhanced concentration of CS-glycosaminoglycan
side chain (CS-GAG) recognized by the mAb 473HD was observed.Results
Tenascin C inﬂuences the expansion phase during embryonic
retinogenesis by regulating cell cycle exit
The retinas of Tnc/ mice were investigated regarding
possible alterations in their cell composition compared to the
wildtype. Initially, it seemed of interest whether the cell pro-
liferation was modiﬁed in a Tnc-deﬁcient environment. There-
fore, immunohistochemical analysis using antibodies detecting
proliferative cells was performed and documented. At embryo-
nic day 13.5 (E13.5) the Ki67-positive cell population did not
exhibit great differences, however, the outer neuroblastic layer
(onbl) of the wildtype retina appeared more densely packed
(Fig. 1a/b). With proceeding development, the proportion of
proliferating cells changed dramatically until E15.5. The amount
of Ki67-immunoreactive cells was increased and the onbl
became expanded in the Tnc-deﬁcient mice (Fig. 1e/f). The
quantiﬁcation of Ki67-expressing acutely dissociated cells con-
ﬁrmed the enhanced proliferation rate in knockout mice, speci-
ﬁcally at E15.5 (Fig. 1i/j). Further evidence for this difference was
given by the culture of Tnc/ and wildtype retinal precursors
as free ﬂoating retinospheres in vitro (Fig. 1k). This model
represents a common system to evaluate the proliferating
stem/precursor cell pool. The number of generated spheres
reﬂects the amount of actively cycling cells. The result of the
quantiﬁcation displayed a signiﬁcantly higher sphere forming
capacity of Tnc/ precursors (Fig. 1l), indicating an expansion
of the stem/precursor cell pool. The antibody to Ki67 recognizes
all cell cycle stages. Hence, it was promising to try to assign this
difference to a speciﬁc phase. Finally, immunostainings detect-
ing the phosphorylated histone 3 (pH3) (Hsieh and Yang, 2009;
Jopling et al., 2010; Tsuta et al., 2011) of G2/M-phase cells
demonstrated that the amount of G2-phase precursor cells was
affected by the Tnc-deﬁciency (Fig. 1c/d, g/h). The expression
pattern indicated a signiﬁcantly expanded population of G2-
phase cells in the onbl (Fig. 1h bracket). This was suggestive of
the possibility that Tenascin C inﬂuences the expansion phase of
the developing retina. However, it has to be investigated
whether the effect is restricted to the proliferation rate or
whether Tnc is involved in cell cycle exit and cell fate choice.Tenascin C is involved in neurogenesis during retinal development
To address this issue, immunohistochemical stainings for Nestin
were performed (Fig. 2). The Nestin-immunoreactive cells represent
intermediate progenitors with a reduced proliferation capacity
(Rowan and Cepko, 2005). At E13.5 as well as E15.5 Nestin-
immunoreactivity was detected on radially expanding processes
throughout the inner and outer neuroblastic layer (Fig. 2a–d).
The Nestin-positive cell population was not altered in size and
localization in the Tnc/ . The quantiﬁcation of immunopositive
cells and supplementary investigation of the mRNA level empha-
sized the results of the immunohistochemistry (Fig. 2i/j/k). For this
reason, an examination of the ratio of cell-cycle exit and the
induction of cell differentiation was carried out using the post-
mitotic neuronspeciﬁc antibody to bIII-Tubulin (Fig. 2e–h). Interes-
tingly, the immunoreactivity in the Tnc/ retinas was more
intensive compared to the wildtype, which was particularly pro-
nounced at E15.5 and later on (Fig. 2g/h). The subsequent quanti-
tative evaluation of immunoreactive cells conﬁrmed the phenotypic
observation (Fig. 2i). Additional RT-PCR experiments revealed that in
both genotypes the bIII-Tubulin expression was up-regulated with
ongoing development. The expression was signiﬁcantly increased in
the Tnc-deﬁcient retinas at all investigated stages compared to the
wildtype (Fig. 2j/k). Based on these results, it could be speculated
that Tenascin C mediates in the regulation of the expansion phase
during early retinogenesis by inﬂuencing the cell cycle exit and the
induction of cell differentiation. To address this possibility further,
we investigated the expression of different modulators during
retinogenesis in the Tnc/ mice. Therefore, a screen including a
variety of molecules participating in developmental decisions was
performed. The paired homeobox transcription factor Pax6 is one of
the earliest expressed genes in the eyeﬁeld and one of the key
regulators for retinal and eye development. Recently, it has been
demonstrated that Pax6 regulates the expression of the alternatively
spliced isoforms of Tnc (von Holst et al., 2007). The Wnt signaling
pathway constitutes an additional cascade regulating cell cycle
progression, proliferation, apoptosis and differentiation of retinal
precursor cells in a stage-dependent manner (Lara et al., 2010).
Another investigated effector was the neurogenic basic helix–loop–
helix (bHLH) transcription factor Mash1, which is expressed by
retinal precursor cells and is involved in cell fate speciﬁcation (Akagi
et al., 2004). The expression of these factors in the embryonic retina
was examined by using semi-quantitative RT-PCR (Fig. 3a) and
subsequent densitometric evaluation. The quantiﬁcation pointed out
that the Pax6 expression level was signiﬁcantly reduced in the Tnc-
deﬁcient retina at E18.5 (Fig. 3b). The quantiﬁcation of the relative
Wnt2b expression revealed a signiﬁcant decrease at E13 and E15
compared to the wildtype (Fig. 3c). In the wildtype situation the
Wnt2b expression became down-regulated with proceeding devel-
opment. In the Tnc/ retina however, the mRNA expression
persisted continuously on the same level. The relative expression
level of Mash1 displayed a signiﬁcant reduction in the Tnc/
retinas in all three investigated stages (Fig. 3d). Furthermore, it
could be documented that the mRNA level of Ki67 was signiﬁcantly
up-regulated in the Tnc knockout retina at E13.5 to E18.5, which
emphasized the documented increase in the proliferation rate
(Fig. 3e). To sum up, immunohistochemical analysis for Nestin did
not reveal any difference of this precursor cell population, whereas
the bIII-Tubulin staining showed a signiﬁcantly enlarged population
of early post-mitotic neurons or neurogenic transition cells. These
observations were conﬁrmed by semi-quantitative RT-PCR as well
as by immunocytochemical stainings of acutely dissociated and
subsequent quantiﬁcation of immunopositive cells. Finally, it could
be demonstrated that essential regulators of cell proliferation, cell
cycle exit and cell fate determination individually responded to the
modiﬁed extracellular matrix. Tenascin C is not exclusively involved
Fig. 1. Enhanced cycling precursor cell population in Tnc/ embryonic retinas. (a–h) The investigation of the cell expansion phase during retinogenesis was initially
performed by using immunohistochemistry with antibodies to the proliferation markers Ki67 and phophorylated histone 3 (pH3). (a–b) At E13.5 the extent of the Ki67-
expressing cell population exhibited no apparent differences, except for the local arrangement of cycling cells, which seemed to be more densely packed in the onbl of the
wt retinas. (e–f) With progression of development, the amount and distribution of actively cycling Ki67-immunopositive cells became signiﬁcantly increased in the Tnc-
deﬁcient retinas. (c–d/g–h) Confocal laser scanning microscopy of the stainings to pH3 determined a profound expansion of G2-phase cells in the absence of Tnc (bracket).
(i–j) The quantiﬁcation of single cells expressing Ki67 conﬁrmed the results of the immunohistochemistry. (i) Representative ﬂuorescence micrograph of Ki67-
immunopositive cells. (j) An increased amount of cycling cells was evaluated speciﬁcally at E15.5 (Number of independent experiments N¼3; number of quantiﬁed cells
per experiments n¼150). (k–l) The retinosphere assay was applied for further investigation of the precursor population, because the sphere forming capacity reﬂects the
presence of actively cycling cells. (k) Phase contrast image of spheres obtained from embryonic mice. (l) The quantiﬁcation displayed a signiﬁcant increase in the
proliferation behavior of Tnc-deﬁcient retinal progenitors (Number of independent experiments N¼5). inbl: inner neuroblastic layer; onbl: outer neuroblastic layer. Scale
bars: a/b/e/f: 20 mm; c/d: 50 mm; g/h/i: 10 mm; k: 50 mm.
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probably has an effect on the precursor/stem cell pool by inﬂuencing
the determination of a cell lineage.
De-differentiation behavior of Mu¨ller glia is affected in vitro by the
loss of Tnc
As one of the most interesting ﬁndings we demonstrated that
the message level of the Glutamine Synthetase (GS), which is
expressed by Mu¨ller glia, is signiﬁcantly down-regulated at allexamined embryonic stages (Fig. 3f). Due to the pronounced
decrease of the GS, it was interesting to analyze whether Tnc
contributes to the development or persistence of this cell type in
the embryonic retina. Mature Mu¨ller glia exhibit the potential to
become retinal progenitor cells under pathological conditions and
it is possible to induce the de-differentiation by the treatment with
FGF2 in vitro. This study investigated the implication of Tnc in this
process. Therefore, a Mu¨ller glia culture system of postnatal day 3
(P3) mouse Mu¨ller glia cells obtained from Tnc/ and wildtype
retinas was established (Fig. 4). Initially, the morphologies were
Fig. 2. Developmental investigations of proliferation and neurogenesis in Tnc/ retinas. (a–d) Immunohistochemical stainings for the progenitor cell marker Nestin
revealed no apparent differences between the wt and knockout retinas of the developmental stages E13.5 and E15.5. (e–h) However, the immunoreactivity of the neuron-
speciﬁc marker bIII-Tubulin was dramatically increased in the Tnc-deﬁcient environment, indicating an enhanced population of post-mitotic neurons. (i) The
quantiﬁcation of immunopositive single cells supported this visual impression. The amount of Nestin-expressing progenitors was similar in both embryonic stages and
genotypes and the population of early neurons was signiﬁcantly expanded in the Tnc/ retinas. (Number of independent experiments¼3; counted cells per
experiment¼150). (j–k) Additionally, the corresponding mRNA levels were analyzed and densitometrically evaluated. The graphic illustration presents a signiﬁcant
up-regulation of bIII-Tubulin. (Number of independent experiments N¼2; number of PCRs per cDNA n¼3). inbl: inner neuroblastic layer; onbl: outer neuroblastic layer;
le: lens. Scale bars: a/b: 100 mm: c-h: 20 mm.
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deﬁciency resulted in the development of radially elongated
phenotypes whereas the wildtype Mu¨ller glia primarily displayed
large ﬂattened somata spreading on the bottom of the culture dish
(Fig. 4a/b). By using antibodies against the Mu¨ller glia markers
Vimentin and GLAST (Fig. 4a, see insert) (Bhatia et al., 2009;
Bringmann et al., 2009; Mysona et al., 2009; Park et al., 2009),
followed by the quantiﬁcation of immunopositive cells, it was
demonstrated that both cultures had a purity of Z95% (Fig. 4c). In
addition, by using RT-PCR analysis the expression of GS was
veriﬁed in the Mu¨ller glia culture (data not shown).
The differences in shape were also reﬂected by the pattern of
focal adhesion points, as visualized by staining for the marker
protein Vinculin. While the wildtype cells developed multiple
focal adhesion points equally distributed along the ventral surfaceof the cell (Fig. 5a–c), the knockout Mu¨ller glia displayed a
preferential enrichment at the leading edges of the lamellipodia,
presumably in conjunction with further cell extensions (Fig. 5d–f
and g–g’’).
After determining the mRNA expression of the FGF receptors
(FGFRs), wildtype and knockout cells were induced to de-differ-
entiate by means of the addition of FGF2 to the culture medium.
The assay was stopped seven days post-induction. Following
induction, the mRNA level of the FGF1 and FGF2 receptors
revealed a signiﬁcant down-regulation in the Tnc knockout
Mu¨ller glia (Fig. 4f–h). Morphologically, the Mu¨ller glia responded
to FGF2 by adopting a neuronal phenotype with small compact
somata and long elaborated processes (Fig. 4d/e) compared to the
control situation without FGF2 (Fig. 4a/b). Finally, the cells were
investigated immunocytochemically for the expression of Ki67
Fig. 3. Expression proﬁles of key regulators during retinogenesis in the Tnc/ retina. To address the question whether Tnc is involved in cell cycle exit and regulates the
generation of neurons or inﬂuences the development of neurogenic transition cells, possible alterations of the messenger levels of modulators during retinogenesis were
assessed. (a) By using RT-PCR, it could be determined that (b) the message of Pax6 was not altered when Tnc is absent in the retinas between E13 to E15. At E18, however,
the mRNA level displayed a decrease compared to the wildtype. (c) The relative expression of Wnt2b was signiﬁcantly down-regulated at E13 and E15. This difference
progressively disappeared. (d) Furthermore, Tnc-deﬁciency resulted in a signiﬁcant decline in the expression of Mash1 throughout embryonic retinogenesis. (e) The
enhanced proliferation rate in the Tnc/ could be additionally supported on the mRNA level of Ki67, which became up-regulated from E13-E18. (f) Interestingly, the
expression of Glutamine Synthetase (GS), a marker for embryonic neurogenic/gliogenic progenitors and Mu¨ller glia, displayed a continuously decreased level compared to
the wildtype. (Number of independent experiments N¼3; number of PCRs per cDNA n¼3).
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din, as representative markers for post-mitotic neurons (Fig. 6a–f).
Tnc-deﬁcient Mu¨ller glia cells, cultivated without FGF2,
displayed a higher proliferation rate in comparison to the wildtype
situation. Remarkably, after FGF2 treatment wildtype Mu¨ller glia
were characterized by a pronounced enhancement of the Ki67-
positive cycling cell population. In contrast, the Tnc-deﬁcient cells
exhibited a reduced proliferation upon induction (Fig. 6e).
The quantiﬁcation of immunopositive cells underlined that the
de-differentiation of mature Mu¨ller glia to Nestin-positive precursors
and the generation of neurons were signiﬁcantly impaired in the
Tnc/ cultures (Fig. 6f). This was reﬂected in the number of visual
Arrestin-positive photoreceptors and Calbindin-immunoreactive
horizontal-, amacrine- and ganglion cells. In the control situation
without FGF2 treatment the analyzed marker proteins were not
expressed (data not shown).Impact of Tnc-deﬁciency on the ECM: expression of CSPGs
Developmental processes are inﬂuenced by the interaction with
components of the extracellular matrix. This study focused on
the CSPGs Phosphacan and RPTPb/z-long, which are known inter-
action partners of Tnc (Adamsky et al., 2001; Barnea et al., 1994;
Milev et al., 1997). The results of immunohistochemical stainings of
horizontal sections of E13.5 to E18.5 retinas with the monoclonal
antibody 473HD displayed a signiﬁcantly increased immunoreactiv-
ity of the DSD-1-epitope (Fig. 7a–f). This unique epitope is speciﬁ-
cally localized on chondroitin sulfate (CS) side chains attached to the
core proteins of the above mentioned proteoglycans (Faissner et al.,
2006; Klausmeyer et al., 2007; von Holst et al., 2006). For the
quantitative evaluation of this phenotype, further immunocyto-
chemical stainings with the 473HD antibody on acutely dissociated
living cells were performed. The cells displayed the characteristic
Fig. 4. Morphological alterations of Tnc/ Mu¨ller glia and their different responsiveness to FGF2. In view of the down-regulation of GS expression the characteristics of
Tnc-deﬁcient Mu¨ller glia were investigated in more detail. (a/b) Phase contrast images depicting Mu¨ller glia cells of the second passage cultured as adherent monolayer
in vitro. (a) The cell somata of wildtype cells ﬂattened on the culture dish, leading preferentially to spreading morphologies. The insert depicts GLAST-immunoreactive
Mu¨ller glia. (b) By contrast, in the absence of Tnc the cells displayed a predominantly compact morphology with long, elaborated bipolar processes.
(c) Immunocytochemical stainings for the Mu¨ller glia speciﬁc intermediate ﬁlament Vimentin and subsequent quantiﬁcation revealed purity above 95% under both
conditions. (d/e) Cultivation of Mu¨ller glia in the presence of FGF2 induced the de-differentiation of mature Mu¨ller glia to immature proliferating precursor cells and the
differentiation to neurons. (f–h) Because the cells were grown in the presence of FGF2 for the induction process, the expression of receptors was examined by RT-PCR.
(g) It was evaluated that FGFR-1 and FGFR-2 were expressed equally prior to the treatment. (h) However, 7 day post-induction the mRNA level of both receptors was nearly
absent in the Tnc/ , whereas the wt cells signiﬁcantly up-regulated the FGFR-1. (Number of independent experiments N¼3; number of PCRs per cDNA n¼3). Scale bars:
25 mm
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the surrounding ECM (Fig. 7g). The quantiﬁcation of the DSD-1-
epitope-expressing cells reﬂected exactly the situation in situ with
regard to the intensive immunoreactivity. The quantiﬁcation
revealed a 2-fold increase in the Tnc knockout compared to the
wildtype retina at E15.5 (Fig. 7h). In order to analyze the 473HD
levels in the retina of Tnc-deﬁcient and control wildtype littermates
in more detail, we performed Western blot analysis using different
protein concentrations (10 mg, 15 mg, 20 mg and 25 mg) for each
genotype (Fig. 8a). As expected, a dose-dependent increase was
identiﬁed in 473HD levels for both situations. Importantly, using
10 mg lysate no 473HD protein was detected in the wildtypewhereas the 473HD-band was clearly visible in the Tnc knockout
situation. Thereby, using higher protein concentrations, the 473HD-
signal appeared always stronger in the knockout situation as
compared to the wildtype condition.
In order to examine whether the shift of the DSD-1-glycosa-
minoglycan epitope expression reﬂected an increased transcrip-
tion of the core protein messages, the mRNA levels of the RPTPb/
z-isoforms in the Tnc-deﬁcient animals were studied, with a
special focus on the CSPG Phosphacan and its receptor isoform
RPTPb/z-long (Fig. 8b). The densitometric evaluation documented
an up-regulation of these isoforms during development, as
expected. However, the quantiﬁcation did not show any
Fig. 5. Arrangements of stress ﬁbers and focal contacts in Mu¨ller glia of Tnc knockout retinas. Cultivated Mu¨ller glia were placed on glass coverslips, stained with an
antibody to Vinculin and incubated with ﬂuorochrome-coupled Phalloidin to assay and compare the cytoskeleton and adhesion points of Tnc-deﬁcient and wildtype
animals. (a–c) The wildtype cells developed substantial and stable stress ﬁbers, terminating in adhesion points. The development of focal adhesions seemed to be scattered
all over the cell. (d–f) By contrast, Tnc-deﬁcient Mu¨ller glia possessed a stable but more organized Actin cytoskeleton, which was speciﬁcally arranged in distinct
orientations and (g–g’’) ended mostly in focal adhesion points. Scale bar: 50 mm.
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knockout (Fig. 8c/d). Therefore, the differing levels of the chon-
droitin sulfate chains, as demonstrated by immunostainings and
Western blotting, have most probably to be attributed to a
modiﬁed glycosylation or sulfatation process. This has to be
investigated in more detail in continuative studies.Discussion
The development of the retina requires a highly spatiotempo-
rally organized set of processes comprising proliferation, cell fate
determination, maturation and migration of committed cells to
the correct positions and, ﬁnally, synaptogenesis. The combina-
tion and integration of extrinsic cues and intrinsic factors set the
stage for this exact implementation. This study focused on the
functional relevance of the ECM glycoprotein Tenascin C (Tnc) in
early embryonic stages of retinal development.
Immunohistochemical stainings for the proliferation marker
Ki67 demonstrated an expanded retinal neuroepithelium in the
Tnc/ with an enhanced number of Ki67-positive cells. Addi-
tional evidence for an inﬂuence of Tnc on proliferation processes
was obtained by the quantiﬁcation of retinosphere cultures. These
spheres represent aggregates of cells comprising a mixture of
stem/progenitor cells (Reynolds and Weiss, 1992). The number of
spheres provides a measure of neural stem/progenitor cell num-
ber. The evaluation of the sphere forming capacity demonstrated
a nearly 2-fold increase in the Tnc-deﬁcient situation. The results
led to the conclusion that Tnc is involved in the regulation of the
appropriate expansion of the stem/precursor cell pool during
embryonic retinogenesis. Implications of Tnc in this contextwere already assigned in former studies of different tissues and
developmental stages. The results concerning stimulatory versus
inhibitory functions were often contradictory. For instance, the
number of neurospheres obtained from embryonic telencephalon
showed at E10 no differences, however at E12 until P0 the
cultures contained nearly twice the amount of spheres in
the absence of Tnc (Garcion et al., 2004). This correlates with
the observations in this study. In contrast, a reduced level of
proliferation was noted in the postnatal subventricular zone
(SVZ), cortex, corpus callosum (CC) and striatum of the Tnc
knockout mouse. Additional studies provided evidence that the
oligodendrocyte precursor cell (OPC) division was reduced in the
Tnc mutant (Garcion et al., 2001; Garwood et al., 2004). To sum
up, the distinct functions of Tenascin C are characterized by a cell
type and time dependency. This multi-modular glycoprotein can
serve as ligand of various cell surface receptors and cell adhesion
molecules or indirectly modify the surrounding ECM. In both
situations, this presumably results in the detection and intracel-
lular processing of various signals. Several studies concluded that
Tnc exerts its mitogenic effects by regulating the sensitivity of
stem/precursor cells towards extracellular mitogens and growth
factors, for instance FGF2 or PDGF (Cohen et al., 2009; Garcion
et al., 2001; Karus et al., 2011; von Holst et al., 2007; Yokosaki
et al., 1996). Which signal cascades become activated or inhibited
by Tnc to inﬂuence cell division in the embryonic retina was
unknown. In the present study, the effect of Tnc on cell prolifera-
tion could be assigned to a speciﬁc cell cycle phase, which had not
been suspected previously. Immunohistochemical detection of
phosphorylated histone 3 (PH3) revealed a signiﬁcantly enhanced
number of G2/M-phase cells in the Tnc/ retinas. During
G2-phase, the nuclei migrate from the basal towards the apical
Fig. 6. De-differentiation to precursors and the generation of neurons is affected in Tnc/ Mu¨ller glia. Seven days post-induction with FGF2, the cells were ﬁxed and
the de-differentiation was assayed by immunohistochemical stainings with cell type-speciﬁc antibodies and subsequent quantiﬁcation of immunoreactive cells.
(a–d) Representative photomicrographs of wt immunopositive cells using laser scanning microscopy. (e/f) Graphical illustration of the quantiﬁcation of immunopositive
cells. (e) In the control situation without the addition of FGF2, the Tnc/ Mu¨ller glia showed a nearly 4-fold increase in the proliferation rate. Following FGF2 treatment,
the proliferation of Tnc-deﬁcient cells slightly declined whereas the wt cultures displayed a signiﬁcant increase of the cell division up to 40%. (f) The development of
Nestin-positive precursors and post-mitotic neurons was inhibited in the Tnc / situation. The examination of neuronal subtypes mirrored a de-differentiation capacity
for the generation of Arrestin-positive photoreceptors. The quantiﬁcation of Calbindin immunoreactivity indicated the presence of amacrine-, ganglion- or horizontal cells.
Neurogenesis was continuously impaired in the Tnc / Mu¨ller glia population (Number of independent experiments N¼3; Number of quantiﬁed cells per experiment
n¼250). Scale bars: a: 5 mm; b: 10 mm; c/d: 20 mm.
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interkinetic nuclear migration (INM), occurs in register with the
cell cycle and is essential for the decision whether a cycling
progenitor undergoes cell fate commitment, yielding to cell cycle
exit, or whether it re-enters the cell cycle for further expansion
(Baye and Link, 2007; Livesey and Cepko, 2001). Dependent on
the intrinsic proliferative or neurogenic status of the stem/
progenitor cells combined with microenvironmental cues the
cleavage plane is tilted in different ways, leading to an asym-
metric or symmetric cell division (Baye and Link, 2007; Cayouette
et al., 2006; Davis and Dyer, 2010; Frade, 2002; Gotz and Huttner,
2005; Ohnuma and Harris, 2003). The movement of the nuclei
requires continuous interactions of the nuclear membrane with
the cytoplasmic cytoskeleton (Baye and Link, 2008). Tnc is known
to intervene in the arrangement of cytoskeletal elements, leading
to modiﬁcations in the cell morphology and behavior (Czopka
et al., 2009). It has been documented that the velocity of the
nuclear migration as well as the differential positions of the nuclei
participate in the selection of progenitors leaving the cell cycle or
preserving the proliferative status (Baye and Link, 2007; Baye and
Link, 2008; Del Bene et al., 2008). This suggests that Tnc could
mediate the regulation of cell cycling by inﬂuencing the inter-
kinetic nuclear migration or/and by cross linking parts of the cell
to the appropriate areas of the ECM, which in turn may determine
the cell fate of the progenitors.Subsequently, it was assessed whether Tnc inﬂuences the
progenitor cell pool by regulating the cell-cycle exit, accompanied
by the induction of cell differentiation. Immunohistochemical
investigations and RT-PCRs revealed no alteration in the
Nestin-positive progenitor population in the Tnc/ retinas. Inter-
estingly, the immunoreactivity of bIII-Tubulin-expressing post-
mitotic neurons was signiﬁcantly increased, which was also
supported on the message level. Obviously, the Tnc-deﬁciency
resulted in an accelerated neurogenesis in vivo. A precocious
maturation has been discussed earlier in terms of oligodendrocyte
development. The Tnc mutant mice exhibited an acceleration of
the myelin basic protein (MBP) – expressing oligodendrocytes in
the forebrain. The regulatory mechanism involves the cell adhesion
molecule Contactin (Cntn1), a prominent receptor for Tnc (Czopka
et al., 2010; Garwood et al., 2004; Jones and Jones, 2000a; Kiernan
et al., 1999; Rigato et al., 2002). Furthermore, it has been shown
that the cortex of Tnc/ mice contains more neurons (Irintchev
et al., 2005). The control mechanism induced by Tnc in the retina
and possible differences in the affected neuronal subtypes remain
to be elucidated. However, by using RT-PCR it was possible to gain
a ﬁrst insight into the relevance of Tnc for the expression of
modulators of retinogenesis. The expression of Pax6, a key reg-
ulator of retinal development, was down-regulated at E18.5 in
Tnc/ retinas. This age represents a peak of the differentiation of
ganglion-, amacrine- and horizontal cells (Cook, 2003; Klassen
Fig. 7. Immunological characterizations of CSPGs in the Tnc / retina. Horizontal sections of E13.5 to E18.5 retinas were analyzed for the expression of chondroitin sulfate
glycosaminoglycan (CS-GAG) side chains by using the DSD-1-epitope detecting antibody mAb 473HD. (a–f) Representative micrographs studied by laser scanning
microscopy. The DSD-1-epitope was dramatically up-regulated in the Tnc-deﬁcient retinas, especially during E13.5 to E15.5. Initially, the immunoreactivity was
concentrated in the inner neuroblastic layer, followed by an expansion towards the developing inner plexiform layer. (d/f) With progression of retinogenesis, the
immunoreactivity of CS-GAG chains in the outermost apical layer became up-regulated in the absence of Tnc. Scale bar: 100 mm. (g/h) The phenotypic differences in situ
were conﬁrmed by the quantiﬁcation of acutely dissociated cells expressing the DSD-1-epitope. (g) The immunoreactivity displayed the characteristic punctual cluster
surrounding the cell body. Scale bar: 10 mm. (h) The graphical illustration depicts a 2-fold expansion of the CS chain immunoreactive cell fraction speciﬁcally at E15.5.
(Number of independent experiments N¼5, number of quantiﬁed cells per experiment n¼150).
Fig. 8. Modiﬁed synthesis of CS-GAG chains is not attributable to an increased message level of Phosphacan/RPTPb-long. (a) Further evidence for a higher concentration of
the DSD-1-epitope in the Tnc/ was obtained by Western blot analysis. E15 retina lysates of wt and Tnc / littermates were incubated with the mAb 473HD. Per lane
10 mg, 15 mg, 20 mg and 25 mg total protein of each genotype was added on a 4–10% gradient gel. A dose-dependent increase was identiﬁed in 473HD levels for both
animals. Importantly, using 10 mg protein lysate no 473HD signal was detected in the wt retina. In contrast a 473HD-band was clearly visible in the Tnc knockout situation.
(b–d). The densitometric quantiﬁcation of RT-PCR results for Phosphacan and the long receptor isoform revealed no signiﬁcant alterations on the message level at all
investigated stages between Tnc/ and wt retinas. (Number of independent experiments N¼3; number of PCRs per cDNA n¼3).
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Pax6. For instance, Pax6 is required for the multipotency of retinal
progenitor cells. Conditional gene ablation demonstrated, that the
inactivation results in the exclusive generation of amacrine cells
(Marquardt et al., 2001). Presumably, the enhanced bIII-Tubulin-
positive population caused an increased generation of amacrine
cells. This should be investigated in further studies. The neuro-
genic Mash1 is expressed in proliferating cells, regulates cell fate
speciﬁcation and is correlated with the appearance of Mu¨ller glia
and bipolar cells (Akagi et al., 2004; Gamm et al., 2008; Jasoni and
Reh, 1996). This factor was signiﬁcantly down-regulated in the
Tnc-deﬁcient retinas at all investigated stages. Additionally, the
expression of Wnt2b was speciﬁcally affected in the retina from
E13.5 to E15.5. Wnt signaling has different stage-dependent
biological roles. At earlier stages the proliferation of stem/pro-
genitor cells is stimulated, whereas with proceeding development
Wnt-signaling induces differentiation (Sanchez-Sanchez et al.,
2010). Inactivation of Wnt2b causes the induction of proneural
bHLH gene expression, leading to the generation of neurons (Das
et al., 2008; Kubo et al., 2005). Remarkably, a recent study
established a connection between Wnt-signaling and Tnc. Tnc
has been proposed as a direct target of Wnt signaling in the lung
and to regulate the smooth muscle precursor cell pool in coopera-
tion with the PDGFR (Cohen et al., 2009). With reference to these
results, one could speculate that Tnc in conjunction with the
canonical Wnt-signaling regulates the differentiation of neurons
and concomitantly preserves the appropriate stem/progenitor cell
proliferation during embryonic retinogenesis.
Further studies described a reduction in the radial glia popula-
tion in the Tnc/ (Garcion et al., 2001; Garcion et al., 2004; von
Holst et al., 2007). Mu¨ller glia cells represent the unique glia cell
generated in the retina (Roesch et al., 2008). This study revealed a
signiﬁcant reduction in the expression of the Mu¨ller glia marker
Glutamine Synthetase (GS), in vivo. For this result, it seemed
promising to investigate this cell type in more detail. It was
focused on the inﬂuence of Tnc on the morphology and behavior
of Mu¨ller glia in vitro. The majority of cultured Tnc-deﬁcient
Mu¨ller glia developed an elongated phenotype with small com-
pact somata and radially extending processes. In contrast, the
wildtype cells exhibited large and ﬂattened cell bodies. The cell
morphology depends on the interactions of cytoskeletal
components which are regulated via ECM cell surface receptors
and cell adhesion molecules (CAMs). This enables a continuous
organization and adaption of the cytoskeleton. The induction of
signal cascades that re-organize the cytoskeleton results in the
promotion or disruption of focal adhesions and determines either
cell spreading or rounding. Tnc has been considered to possess a
morphoregulatory function during development by regulating cell
adhesion. These effects depend on distinct structural modules of
Tnc, their mode of presentation and the receptor speciﬁcities of
individual cell types (Faissner, 1997; Garcion et al., 2004;
Husmann et al., 1995; Joester and Faissner, 1999; Joester and
Faissner, 2001; Jones and Jones, 2000a; Jones and Jones, 2000b).
Obviously, in this study Tnc functions in the generation of stable
focal adhesions of the Mu¨ller glia cells yielding to widespread
morphologies. The attachment, detachment and re-attachment of
the cells are indispensable for the migration process. With
reference to migratory events, Tnc is competent to stimulate or
inhibit cell migration. For instance, it regulates the movement of
corneal ﬁbroblasts or the inhibition of migration of oligodendro-
cyte precursors, the latter accompanied by the accumulation of
b-catenin in the cytoplasmic membrane (Garcion et al., 2001;
Kakinuma et al., 2004; Schmidinger et al., 2003). By contrast,
overexpression of Tnc isoforms enhances tumor invasion (Guttery
et al., 2010). This set of data supports the proposed adhesive
effect of Tnc on Mu¨ller glia cells.In diverse publications, it has been demonstrated that Mu¨ller
glia are dormant progenitor cells and are able to adopt a precursor
state and give rise to neurons in response to injury. This so-called
de-differentiation can alternatively be induced by the treatment
with FGF2 or retinoic acid in vitro (Bringmann and Reichenbach,
2001; Das et al., 2006; Jadhav et al., 2009; Lawrence et al., 2007;
Lewis et al., 2010). The present study included the stimulation of
de-differentiation by application of FGF2 to the culture medium.
The Tnc/ cells exhibited a reduced neurogenesis post-induc-
tion. This could be due to an impaired responsiveness to FGF2.
Previous studies reported that Tnc enhances the sensitivity of
neural stem cells to FGF2 (Garcion et al., 2001; Garcion et al.,
2004). In support of this interpretation, RT-PCR results demon-
strated an up-regulation of the FGFR-1 after induction in the
wildtype cells, whereas its expression nearly vanished in
the knockout situation. Recently, it has been described that the
activation of the neurogenic potential of Mu¨ller glia involves
Notch and Wnt signaling pathways (Das et al., 2006; Davis and
Dyer, 2010; Del Debbio et al., 2010), which correlates with the
reduced expression of Wnt2b in Tnc/ retinas described in our
investigations.
The aforementioned dependency of the interconnection
between cell interior and the ECM to mediate cell differentiation,
morphology and migration raised the question whether other
ECM molecules are modiﬁed in the Tnc/ retina. In a ﬁrst step,
the expression of the Tnc interaction partners Phosphacan and
RPTPb/z-long was investigated. These proteins also occur as
chondroitin sulfate proteoglycans (CSPGs) that bear a speciﬁc
carbohydrate motif recognized by the monoclonal antibody
473HD (Barnea et al., 1994; Grumet et al., 1994; Klausmeyer
et al., 2007) and is expressed by radial glia neural stem/progenitor
cells (Horvat-Brocker et al., 2008; von Holst et al., 2006). Immu-
nohistochemical stainings, the quantiﬁcation of immunopositive
single cells and Western blotting evidenced an up-regulation of
this CS-epitope in the Tnc-deﬁcient tissue. However, no alteration
for the core proteins was found on the message level. This
divergence could have different reasons. For instance, an
increased glycanation due to modulated activities of glycosyl-
and/or sulfotransferases is conceivable (Akita et al., 2008). In fact,
the disturbed interaction with Tnc and the consequences of the
enhanced CSPG expression could additionally contribute to the
modiﬁcations of cell cycling and differentiation. This interpreta-
tion takes into account the results of recent studies which
attributed CS-GAG chains signiﬁcant functions during progressing
development of the forebrain, and in the adult stem cell niche
(Sirko et al., 2010a; Sirko et al., 2010b).
In summary, this study demonstrated several developmental
deviations with regard to the cellular and molecular composition
during early retinogenesis in the Tnc/ mutant. Furthermore,
impacts on the morphology and de-differentiation of Mu¨ller glia
implicate a biological role of Tnc in developmental processes and
in the behavior of dormant retinal stem/progenitor cells.Methods
Animals
Animals were treated in accordance with the principles,
procedures and proper permission of the German animal protec-
tion law (yy 1, 4, 17 TierSchG).
The following strains were used for the experiments. Knockout:
Tenascin C (Tnc) knockout strain, kindly provided from Reinhard
Fa¨ssler (Max-Planck-Institute for Biochemistry, Martinsried, Ger-
many) (Forsberg et al., 1996). For all experimental approaches a
high number of cells were needed. Due to the fact that embryonic
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necessary to pool the retinas of one breed. Consequently, it was
not possible to compare littermates. That is the reason for the
usage of the wildtype strain SV129, which was obtained from
Charles River Laboratories. The animals were sacriﬁced by cervi-
cal dislocation and the uterus was transferred to a dish with cold
Hank’s balance salt solution (HBSS; (Gibco/Invitrogen, Karlsruhe,
Germany)). The embryos were removed and the developmental
stage was assigned according to Theiler staging criteria (Bard
et al., 1998). Neural retinas were separated from cornea, vitreous
body, lens, optic disk, ciliary margin and retinal pigment epithe-
lium (RPE) and collected in DMEM/F12 (1:1) (Gibco, Karlsruhe,
Germany) on ice.
Mu¨ller glia culture
Mu¨ller cells were obtained from retinas of adult Tnc-deﬁcient
and wildtype littermates. The eyes (10 per genotype) were
incubated in DMEM (Gibco, Karlsruhe, Germany) and penicilin
(100 U/ml) / streptomycin (100 mg/ml, Invitrogen) over night at
room temperature, followed by digestion in DMEM/Accutase (1:1)
and 0.01% (v/v) DNase I (Roche) for 20 min at 37 1C. The retinas
were carefully dissected and dissociated in 1 ml Mu¨ller glia
medium (DMEM, 10% (v/v) FCS (Seromed, Berlin, Germany) and
pencillin/streptomycin). Dissociated cells were seeded on
uncoated 10 cm culture dishes (Nunc, Wiesbaden, Germany) in
8 ml Mu¨ller glia Medium and incubated at 37 1C in 6% CO2. After
reaching full conﬂuency, the cells were passaged. After the third
passage of the cultures possible contaminations with neurons
were excluded and the Mu¨ller glia cells were used for molecular
biological and immunocytochemical experiments. To ensure the
same passage for the experiments, the wildtype cells were either
cultured in a smaller format compared with the Tnc-deﬁcient
cultures. Alternatively a reduced number of Tnc knockout cells
was initially seeded, which was compensated during incubation
times.
In vitro de-differentiation assay
At passage 5.2103 Mu¨ller glia cells were seeded on 10 mg/ml
poly-ornithin and 10 mg/ml laminin (Invitrogen, Karlsruhe,
Germany) coated glass coverslips in 24-well dishes (Nunc) and
cultivated in Mu¨ller glia medium. The de-differentiation was
induced by the application of FGF2 (40 ng/ml, PeproTech/Tebu,
London, UK) and with 0.5 U/ml heparin (Sigma, Munich, Ger-
many) at 37 1C in a 6% CO2 enriched atmosphere. Every second
day the medium was changed. The assay was stopped after 6 div
and the cells were further investigated.
Culture of retinospheres
The procedure was modiﬁed after Yang et al. (2002). Brieﬂy,
timed pregnant mice were sacriﬁced and the embryos were
staged according to Theiler’s criteria (Bard et al., 1998). 20–28
retinas from embryonic stages 13, 15 and 18 were dissected,
pooled and digested in Accutase (PAA Laboratories GmbH) for
5–10 min at 37 1C and stopped with Ovomucoid (Sigma, Munich,
Germany). Thereafter, the tissue was mechanically triturated to
yield a single cell suspension. The samples were centrifuged for
5 min at 1000 rpm. The pellet was resuspended in culture medium
containing DMEM/F12 (1:1) (Gibco, Karlsruhe, Germany), 1 N2
supplement (Invitrogen) and penicilin (100 U/ml) / streptomycin
(100 mg/ml, Invitrogen). The cells were allowed to generate free-
ﬂoating spheres in 4 ml medium at a density of 1104 cells/ml in
T25 ﬂasks (Nunc, Wiesbaden, Germany). The culture medium was
supplemented with 20 ng/ml FGF2, 50 ng/ml NT3 (PeproTech/Tebu, London, UK) and with 0.5 U/ml Heparin (Sigma, Munich,
Germany) as a cofactor for FGF2. The isolated cells were cultivated
for one week at 37 1C in a 5% CO2 enriched atmosphere. FGF2 was
added every second day.
Acutely dissociated cells
After dissection of approximately 20 retinas, the tissue was
enzymatically digested as described above, mechanically tritu-
rated to single cells and plated on poly-ornithin coated (10 mg/ml;
Sigma, Munich, Germany) glass coverslips in DMEM and incu-
bated at 37 1C and 5% CO2. After 1 h of regeneration the cells were
immunostained. For quantiﬁcation of immunopositive cells a
minimum of 500 cells per genotype was quantiﬁed using ImageJ
(National Institutes of Health, USA).
Immunocytochemistry
The culture medium was carefully removed and cells were
washed with PBS, 1% (w/v) BSA (AppliChem, Darmstadt, Ger-
many) (PBS/A). The monoclonal antibody (mAb) 473HD was
applied on living cells in PBS/A and incubated for 30 min at room
temperature (RT). Cells were washed once with PBS and were
ﬁxed in 4% v/v PFA at RT for 8 min. Cells were blocked in PBS, 0.1%
(v/v) Triton X-100 and 1% (w/v) BSA (PBT1). The primary anti-
bodies were diluted in this solution and were incubated at room
temperature for 30 min. After washing with PBS/A, the secondary
antibodies were diluted in PBS/A and incubated at room tem-
perature for 20 min. Cells were washed with PBS, mounted in
Immu-Mount (Thermo Scientiﬁc, Pittsburgh, USA) and documen-
ted by using ﬂuorescence microscopy (Axiophot, Zeiss) and
confocal laser scanning microscopy (LSM 510 Meta, Zeiss).
Immunohistochemistry
The tissue was dissected from timed pregnant mice and
incubated in 4% PFA over night at 4 1C. The heads were cryopro-
tected by the incubation in 30% sucrose (w/v), embedded in
TissueTek (Jung) and could be stored at 70 1C. Cryosections
were prepared with 16 mm thickness. The sections were heated in
0.01 mM citrate buffer pH 6 for 10 min, cooled down to RT and
transferred to 1 PBS. Incubation of the primary antibodies in
PBS/10% serum (blocking buffer) was performed at 4 1C over
night. After washing with PBS, the secondary antibodies were
incubated for 1 h at RT, followed by three washing steps with PBS
and embedding in Immu-Mount (Thermo Science). Cell nuclei
were labeled with bisbenzimide diluted 1105 (Hoechst 33258,
Sigma). The sections were examined and documented by using
laser scanning ﬂuorescence microscopy (LSM 510 Meta, Zeiss).
Antibodies
Primary antibodies: rat anti-DSD-1/Phosphacan mAb 473HD
(Clement et al., 1998; Faissner et al., 1994; Ito et al., 2005)
(1:300), rabbit pk anti-Tenascin C antibody (KAF14/1) (Faissner
and Kruse, 1990) (1:300), mouse anti-Arrestin (1:250, Santa Cruz
Biotechnology, Inc.), mouse anti-bIII-Tubulin (1:300, Sigma,
Munich, Germany), mouse anti-Calbindin (1:400, Sigma, Munich,
Germany), guinea pig anti-GLAST (glutamate aspartate transpor-
ter, 1:500; Millipore, Eschborn, Germany), mouse anti-Ki67
(1:30, Novocastra, clone MM1, UK), mouse anti-Nestin (1:200,
Chemicon International, Temecula CA, USA), rabbit anti-pH3
(1:300, Sigma, Munich, Germany), mouse anti-Vimentin (1:500,
Sigma, Munich, Germany), mouse anti-Vinculin (1:300, Sigma,
Munich, Germany).
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ﬂuorescence-coupled antibodies (cy2/cy3) were obtained from
Dianova (Hamburg, Germany) and applied in 1:400 dilutions and
supplemented with bisbenzimide (1:105; Hoechst No. 33258;
Sigma, Munich, Germany). Fluorescence-coupled Phalloidin
MFP488 (1:50).
Western blot
Protein lysates were obtained from Tnc/ and Tncþ /þ
littermates (n¼8). All steps were performed on ice or at 4 1C.
The retinas were homogenized in lysis buffer (50 mM Tris,
50 mM Na-Acetate and 60 mM n-octyl-ß-D-glycopyranoside,
pH 8.5). The solution was freshly supplemented with a protease
inhibitor cocktail (20 ml/ml Sigma) and incubated for 10 min on
ice, followed by centrifugation with 13,200 rpm for 20 min at
4 1C. The supernatant was collected and the procedure repeated.
The protein concentration was measured by using the BCA
Protein Assay Kit (BioRad, Mu¨nchen, Germany). Per lane 10 mg,
15 mg, 20 mg and 25 mg total protein was diluted in 1 loading
buffer (125 mM Tris–HCl (pH 6.8), 4% SDS, 36% glycerin,
400 mM DTT and 0.03 mM bromphenolblue), boiled for 5 min
at 95 1C and separated under denaturating conditions. The SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using 4%–10% gradient polyacrylamide gels (Rotiphoreses Gel
40; Roth, Karlsruhe, Germany). After gel electrophoresis the
separated protein bands were blotted onto a polyvinylidene
diﬂuoride (PVDF) membrane (Rotis–PVDF; Roth, Karlsruhe,
Germany) for 2 h and 50 mA. The membranes were blocked
for 1 h in blocking buffer (TBST, 5% milk powder). The mAb
473HD was diluted in blocking buffer (1:300) and incubated
over night at 4 1C. After several washing steps with TBST, the
secondary HRP-coupled anti-rat IgM antibody was diluted in
blocking buffer (1:20,000) and exposed for 1 h at room tem-
perature, followed by washing with TBST and ﬁnally with TBS.
The detection was performed by incubation in an ECL substrate
(Pierce, Bonn, Germany) for 5 min at RT and the signals were
developed by exposing the membrane to an X-ray ﬁlm (Pierce,
Bonn, Germany). Afterwards, the membrane was washed with
TBS and was re-used after incubation with stripping buffer
(Rotis-Free Stripping buffer; Roth, Karlsruhe, Germany) for
30 min at 37 1C. Then the membrane was washed 310 min
with TBS, blocked and incubated with the anti-a-Tubulin anti-
body (clone DM1a) in blocking buffer (1:10,000) (Sigma,
Munich, Germany) further treated according to the protocol
described above.
Semi-quantitative RT-PCR
The preparation of total RNA from dissected tissue and cell
culture was performed with the RNeasys Mini Kit and QIAshred-
der columns (both from Qiagen, Hilden, Germany). The
First-strand cDNA Synthesis Kit (MBI Fermentas, St. Leon-Rot,
Germany) was applied for the corresponding cDNA synthesis. The
reaction was performed according to the manufacturers’ protocol
with 1 mg RNA and random hexamer primers. 1–2 ml of the cDNA
were used as templates for the RT-PCR reactions. The programs
were adopted to the individual primer pair combinations: Phos-
phacan, sense: 50-TATGCTACCCCAGAAGCACA-30, antisense: 50-
TCTGCTGGTGGACCAGAATT-30; RPTPb/z-long, sense: 50-AGTATC-
CAACAGTTCAGA-30, antisense: 50-TTGTGTTTCTTAGGGTGA-30;
paired box gene 6 (Pax6), sense: 50-CGGCAGAAGATCGTAGAG-30,
antisense: 50-TCTCGGATTTCCCAAGCAAAGATG-30; b-actin: sense:
50-TATGCCAACACAGTGCTGTCTGGTGG-30, antisense: 50-AGAAGC-
ATTTGCGGTGGACAATGG-30; Ki67 sense: 50-AACCCTAGGCCA-
CACTGATG-30, antisense: 50-TGTGTCCTTAGCTGCCTCCT-30;Mash 1 sense: 50 -AGCAGCTGCTGGACGAGCA- 30; antisense: 50 -
CCTGCTTCCAAAGTCCATTC- 30; Wnt2b antisense: 50-CGAGGTGG-
CAAACATCCTAT-30; sense: 50-CTTTGAAGGCTCCACTCCTG-30;
Glutamine Synthetase: sense 50-CTCTCCCAGCTCTTCCCTTT-30;
antisense 50-TGCATACCCGATGAGATGAA-30; bIII-Tubulin anti-
sense: 50-TGTCGATGCAGTAGGTCTCG-30; sense: 50-CATGGACAG-
TGTTCGGCTTG-30; Nestin sense: 50-CTCGAGCAGGAAGTGGTAGG-30;
antisense: 50-GTTAGCGCTGCCTGTAGACC-30; FGFR1 sense 50 -GACCC-
CATCAGGATCTGAAC- 30; antisense 50 -AGTGCAGAGAGTGGCTGTGA-
30; FGFR2 sense: 50 -CACCAACTGCACCAATGAAC- 30; antisense: 50 -
GAATCGTCCCCTGAAGAACA- 30; The amplicons were separated by
agarose gel electrophoresis and statistically evaluated. All reactions
were performed at least three times.
Statistical data analysis
After agarose gel electrophoresis the gray intensity of the PCR
products were measured by using graphic software (ImageJ;
National Institutes of Health, USA). Therefore, the gray levels of gel
bands were measured and compared against each other. The
expression of b-Actin served as reference and was used for normal-
ization of the data obtained. To evaluate statistical relevance all data
were analyzed with the two-sided and paired Student’s t-test
(screening data) (npr0.05; nnpr0.01; nnnpr0.001).Acknowledgment
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